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Second harmonic generation measurements were performed using 1.064 pm pulses provided
by a Nd:YAG laser. A bulk second-order susceptibility X('y = 2.1 x 10 -

' esu w-as observed
at room temperature, which is about 1.5 times the X(2) value of quartz. X(2) values in a pol-
ing field were studied as a function of temperature; the largest value occurred at a nominal
temperature of 140 C where y(2) is ten times larger than the room temperature value.

There is currently much interest in nonlinear-optical chromatography.' The purity was examined by Raman. IR
materials based upon conjugated-carbon-polymers charac- absorption, high-performance liquid chromatography, and
terized by extensive rr-electron-delocalization, due to their fast atom bombardment mass spectroscopy and Aas better
i-trinsically large nonlinearities, rapid response times, and than 99%. C6o thin films, with thicknesses between 100 A
high threshold damage levels.1'2 Progress, however, has -2 jum. were deposited on glass substrates by thermal
been modest in spite of the global effort. sublimation at 350-400 "C under an ambient chamber pres-

Buckminsterfullerene (C6) is a hb-'ow cage, all car- sure of 1.5x I0- 7 Torr. The as-deposited films are
ban molecule with 60 carbon atoms connected by a conju- smooth, shiny, and yellow in color.
gated backbone incorporating twelve pentagons and We measured the reflection SHG using the equipment
twenty hexagons. When measured along the diameter it and techniques described elsewhere.$ Figure 1 shows the
has a mean atom-to-atom distance of 7.065 A.3 Based on p-polarized SHG intensity when pumped by an s-poianzed
its ir-electron delocalization, C60 is expected to be an effi- beam as a function of the rotation angle about the film
cient nonlinear optical matenal. A large nonlinear third- normal. We note that the intensity is the same in all direc-
order susceptibility of a C60-benzene solution has been tions. Measurements for other polanzation combination,
reported. 4 Although a second-order nonlinear response of yield the same results. The film is therefore isotropic about
C6 has also been reported it was too weak to analyze.5  its normal. A uniaxially symmetric film may be repre-

In this letter, we report new measurements of the sec- sented by two v:z components (This assumes Kle:nmans
ond- and third-harmonic generation (SHG and THG) in symmetry which is a good approximation when no res,-
C60 films. We also measured the temperature dependence nances are involved.) By measunng the p-polarzed Stlu
of the second-order nonlinear susceptibility in a corona for various polarizations of the fundamentai wave. sse can
poling electric field of 6 kV. as well as the film thickness determine the ratio of these two components F!Purt, ,
dependence of the second harmonic intensiy. We spcculate shows the p-polarized SHG intensitv as a function of ! ,e
on the origin of the large SHG from C, films. given that polarization angle twhich is measured relatioe tyr thc 1,:-
the isolated moiecule itself has inversion symmetry, dent plane). By fitting this data to the approra'e csrr,-

Cfo powder was prepared by contact-arc e'aporation sions we obtain the ratio - 0 46
of graphite in a He en% ironment. The soluble components The transmission SHG measurements v--re
of the resulting soot were extracted vith toluene and sep- at 1 004 arm in the -- polarized aeome'r\ , s :,
arated (from other fullerenes) bN column tation and calibration techniquCs ccrio, ,
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FIG. 3. Transmission-SHG intensity from a film as a function of the
fundamental beam incident angle. The solid line is a theoretical curve

FIG I. p-polarized. reflection-SHG intensity when pumped by an s-po- generated for = 0.48.

larized beam as a function of the rotation angle about the film normal.

for uniaxial materials and the X (11 component ratio ob-
tained from our films),.'oWe obtain " 2: = 2.1 l 1 0 - esu

The SHG intensity for different incident angles is shown in

Figure 3. Again fitting the data to the appropriate theoret- for our C6 films. This value is about 1.5 times that of
quartz. The Si-G signal decreases slowly with ttme when

ical expression, we determine the ratio of the components the fil s s to aim.
(2), (2) the film is exposed to air.

as: -.Y/IX,. = 0.48, which is consistent with the value ob- Corona film poling was carried out using techniques

tained from the reflection SHG measurements. Since we do described earlier. 9 The film was held at a + 6 kV potential

not observe Maker fringes in these measurements the film and the transmission SHG was recorded while heating the

thickness must be much smaller than the coherence length. film from room temperature to 170 *C. The SHG intensity
SHG was studied on films with different thicknesses (the strt to rset temperature o 90"C rhe a imum

film thickness was measured using a Tencor Alpha-Step starts to rise at a temperature of 90 C, reaches a maximum

film profiler). Figure 4 shows that the square root of SHG

intensity increases linearly with the film thickness. Clearly SHG follows the same route when cooling, except that the

the C60 film shows a bulk second order nonlinearity. The maximum value is reduced, as shown in Fig. 5. We beliese

contri- this reduction is due to thermal damage and/or film evap-
i ptin Foration. We do not observe a significant reduction if we

bTion. vstart the cooling at a temperature below 140 *C. The max-
The values of Xt:) for the film were determined by iumosrevaeof sabt2xl0 suwhc

comprisn wih te blk X2) ontrbuton o th trns- imum observed value of X(2) is about 2 x 10 - 8 esu which
comao wis about 10 times larger than its value at room temperature.

mission SHG of a quartz plate measured under the same After cooling, the film still shows a SHG enhancement
conditions (using the formalism of Jerphagnon and Kurtz behavior when it is reheated. We do not see the enhance-

20

86000 -
*. , ,

/000 - iS0

20 0. - .

600 0-

Polarizaon Angle odegrees) o0 -

Film Thickness ("'rn

FIG ' p-polarized, renL-ction-SHG mntenstl,, as a function of the polar.

theoretical curve for k _.,- t4:.. = 0 4o function of the film thickness
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o -0----- One could conjecture that the origin of the
-. tem perat ure/field- induced electric dipole might in'.olse ox-

~ -idation or degradation of the molecular structure of C,,
* due to exposure to the atmosphere wtd a corona discharge

at elevated temperature. To address this latter possibilit .
0 075- films with a 2000 A overlayer of evaporated SiO. were

.5. prepared (to suppress interaction with the enxironment
1010 These "protected" films do show better performance than

the noncoated films in all respects (e g., negligible decrease
< ~of the NHG when the film is exposed to air and greathk

o 025 - ~iimproved retention of the poling-field-enhanced SHG upon

temperature recycling).
oooo2 ~ ~ -Experiments were performed in which the poling field

Ternperature (-C) was -moved. Within our time resolution (-0l 1 s gos,-
erric by the pulse repetition rate) the enhanced laser SHG

FIG. ! SHO iniensity from a film under poling potential of 6 kV as effect disappeared in 0.4 s. This suggests the obserxed effect
the temperature is swept does not arise from poling in the usual sense (.\ here exist-

ing static dipoles are oriented by slow activation process
under the influences of the field).

ment whi.- poling at room temperature. At the same time Initial measurements of third harmonic geieau.(ra
we do not observe the enhancement at a nominal temper- from our C,0 films were performed at 1.90", um by Rarnan.
ature of 140'C without the application of the high \'oltage. shifting of the 1.064 tim pulse from a Nd:YAG iaser Tht

We now discuss some potential mechanisms for SHG. measured V'3 value'is -2 x 10 - 1r esu.
At room temperature the C,0 crystal structure has central We would like to thank Professor X. 3 Yi for Auee
symmetry. 3 It is possible that in the bulk sample. small spectroscopy analysis of the C,, films and Ms. E. Barnie~t
amounts of impurities w~ith noncentral symmetry may be foprain smefthC aeil.Ts ek s
present (eg., C60 isomers, other higher fullerenes, or ox- supported by the Office of Naval Research. the NSF Sci-
ides such as C600). Substrate induced orientation (and ence and Technology Center for superconductisit,. under
poling) would then be invoked to account for a macro- Grant No. DMR88-09854. the Northwestern Lnisersits
scopic room-temperature polarization. Energy dispersive MIRC under Grant No. DMR88-21571. the Illinois Tech'-
x-ray measurements show no evidence for heavier ele- nology Challenge fund, and the Air Force of Scientific Re-
ments. However, Auger spectroscopy measurements on search under contract 90-0071.
samples transferred through air show the presence of an
oxygen line, comparable in intensity to carbon. Assuming
the SHG activity is associated with impurities. it is then 'R. D Miller. F MI. Schllenibere. J C Baumrne. H [ocse- P S !xe.
apparent that systematic studies of large fullerenes as well W Tarruels. G C. Bjorklund.- S Kano. and Y Takahsshi n ('Te-.
as chemically derivatized Cl molecules and accompanying ical Peripeern. ediied by S R Marder. I E Sohn. and G D Si s,
SHG characterization should be undertaken. Given that (Amencan CThemical Society, Washington. DC. 1991. p t3tb

the resnt ipurty opultio isnot arg. tis eplaa- T Kairto. T Kunhara. K Kubodcra. and H Kanbara. n Ref Ithe resnt mpurty opuatin isnotlare, tis xplna- 704.
tion would predict that considerably larger enhancements 'S Liu. Y Lu. .M Kappes. and J lbers. Science 254, 405* 1
are possible. 'W 3 Blau. H I By.rne. D J Cardin. T I Dennis, I P Ha-c. H 'A

A second possibility is that the SHG is caused by elec- Kroto. it Taylor. and D R 161 Valton. Phvs Res Let 6- Is:
(1991tric quadrupole (or magnetic dipole) contributions which 'H Hoshi. N Nakamnura. Y Maruyama. T Nankagawa S Suz:. li

are allowed in centrosymmetric materials (the electric di- Shiroru. and Y Achiba. Jpn J AppI Ph'.s 30. 13a' 00Q
pole contribution is forbidden). The electric quadrupole 'W Kraischmer. L D Limb. K Fosiiropoulos. and D R iA*

and magnetic dipole contributions are generally smaller by ,Nature (London) 347. 354 190i

_ 10 3)F Diedench. R Ettl. Y Rubin, R L %%hiiten. R tBe '. MIAa factor ka( -1 3)than the electric dipole contributions. S Ant. D Sensharnma. F %% udI. K C Kherin-. Ant: x Ks .-

where k is light wavevector ( - 104 cm - ') and l in ouir 252, 548 (19I)

case) a would be of order the molecule diameter (about 'T G Zhang. C H Zhang. and G K AWong. -S.Amt-'-

7 x 10 -8cm). Howeser. the effectise number of electrons fI QQO;
participating in the formation of the dynamic quadrupole ' Rng. x1nd fl"r D 1:c J Park A. N R-ne T -

greatly exceeds one J Jerorhignon and S K Kur*,, J Apr Pbss 41. ~
1 4008891013 For

WTI S GRA&I

FDTI CTA~
Ltamrio un co r,

812 App; P'-,5 Lei' Vol (7Nc 1' trua- '-s 9 92 A~ a~tiut.,~

Avli 41i1 CrT



TECHNICAL REPORT DISTRIBUTION LIST - GENERAL

Office of Naval Research (2)" Dr. Richard W. Drisko (1)
Chemistry Division, Code 1113 Naval Civil Engineering
800 North Quincy Street Laboratory
Arlington, Virginia 22217-5000 Code L52

Port Hueneme, CA 93043

Dr. James S. Murday (1)
Chemistry Division, Code 6100 Dr. Harold H. Singerman (1)
Naval Research Laboratory Naval Surface Warfare Center
Washington, D.C. 20375-5000 Carderock Division Detachment

Annapolis, MD 21402-1198

Dr. Robert Green, Director (1)
Chemistry Division, Code 385 Dr. Eugene C. Fischer (1)
Naval Air Weapons Center Code 2840
Weapons Division Naval Surface Warfare Center

China Lake, CA 93555-6001 Carderock Division Detachment
Annapolis, MD 21402-1198

Dr. Elek Lindner (1)
Naval Command, Control and Ocean Defense Technical Information

Surveillance Center Center (2)
RDT&E Division Building 5, Cameron Station
San Diego, CA 92152-5000 Alexandria, VA 22314

Dr. Bernard E. Douda (1)
Crane Division
Naval Surface Warfare Center
Crane, Indiana 47522-5000

* Number of copies to forward


